Microstructured and high surface energy titanium substrates increase osseointegration in vivo. In vitro, osteoblast differentiation is increased, but effects of the surface directly on multipotent mesenchymal stem cells (MSCs) and consequences for MSCs in the peri-implant environment are not known. We evaluated responses of human MSCs to substrate surface properties and examined the underlying mechanisms involved. MSCs exhibited osteoblast characteristics (alkaline phosphatase, RUNX2, and osteocalcin) when grown on microstructured Ti; this effect was more robust with increased hydrophilicity. Factors produced by osteoblasts grown on microstructured Ti were sufficient to induce co-cultured MSC differentiation to osteoblasts. Silencing studies showed that this was due to signaling via α2β1 integrins in osteoblasts on the substrate surface and paracrine action of secreted Dkk2. Thus, human MSCs are sensitive to substrate properties that induce osteoblastic differentiation; osteoblasts interact with these surface properties via α2β1 and secrete Dkk2, which acts on distal MSCs.
INTRODUCTION
The aim of most dental and orthopaedic implants is osseointegration of the implant with the surrounding bone as well as the maintenance and functional restoration of the existing bone. To accomplish this successfully, there are many factors to consider in the interaction between the implant material, most commonly pure titanium or titanium alloys in dental and orthopaedic applications, and the surrounding tissue in the patient. The first event after implant collocation is the attachment of proteins from the blood and serum to the implant surface. These proteinmaterial interactions are regulated by the chemical composition, energy, and micronanotopography of the material's surface [1] [2] [3] .
The cells that colonize the surface of the implant do not have direct contact with the biomaterial but only with the proteins that attach to it [4, 5] . Most studies examining the osteogenic potential of implant surfaces in vitro have used cells that are either immature osteoblasts or osteoblast cell lines [6] [7] [8] . However, the first group of mesenchymal cells to colonize the implant surface must be able to migrate through the peri-implant clot, and are likely to be multipotent progenitor cells [9, 10] . The chemical composition of the adsorption layer on the surface can impact the lineage progression of these cells [11] . Surface nano and microstructure not only influence protein adsorption, but also the shape of cells that attach to the substrate [12, 13] . he mechanical stresses on the cytoskeleton can affect gene transcription [14] , with resulting changes in cell response. Moreover, cells on the implant surface can affect cells distal to the implant via paracrine regulation. For this reason, how the cells sense the adsorbed layer and its underlying structure is important to the biological outcome.
In vivo studies support this. Topographical and chemical modifications such as sand blasting or sand blasting and acid etching [SLA] as well as modifications to increase surface energy (modified SLA [modSLA] ) have greatly improved bone to implant contact, anchorage and removal torque [15] [16] [17] [18] [19] [20] . In vitro studies using various osteoblast cell culture models show that SLA and modSLA surfaces cause osteoblasts to assume a more differentiated morphology than when they are grown on smooth Ti or tissue culture polystyrene (TCPS) surfaces [13] . Osteoblasts adhere more tightly to the rougher surfaces and they exhibit a more differentiated phenotype [13, 21, 22] . Recently, we showed that the α2β1 integrin is critical to this response. This integrin is recognized as the major receptor for collagen type I [23] , the most abundant protein in bone. Targeted knockdown of either integrin subunit reduced the stimulatory effects of microstructure and hydrophilicity on maturation of MG63 osteoblasts [24] [25] [26] .
In vitro studies show that osteoblasts cultured on microstructured Ti surfaces exhibit greater production of factors that regulate osteogenesis than osteoblasts cultured on smooth Ti substrates or TCPS, including prostaglandin E2 (PGE2), osteoprotegerin (OPG), transforming growth factor beta-1 (TGF-β1) [21] and BMP-2 [27] . These factors can act as autocrine and paracrine mediators of osteoblast activity [28] . Most recently, we showed that these cells also produce increased levels of factors that modulate the Wnt signaling pathway, including Dickkopf-1 (Dkk1) and Dkk2 [29] . Activation of Wnt is a critical step in the differentiation and maturation of osteoblasts and both canonical and alternate signaling pathways are involved [30] . We found that silencing of Dkk2, an inhibitor of the canonical Wnt pathway, in osteoblastlike cells abolished osteoblast maturation on microrough titanium surfaces [29] . In contrast, silencing of Dkk2, a more potent inhibitor of the same pathway, reduced differentiation of osteoblasts on smooth Ti and TCPS, but it did not block osteoblast maturation on the microtextured SLA and modSLA substrates.
These results indicate that the surface structure and chemistry of an implant material can modulate autocrine regulation of cells that are on the surface and suggest that they have the potential to act in a paracrine manner as well. It is not known, however, whether multipotent mesenchymal stem cells (MSCs) will exhibit surface dependent changes in the same manner as the various osteoblast models examined previously, or if they will differentiate into osteoblasts in a substrate-dependent manner. Moreover, it has not been shown in a definitive manner whether osteoblasts produce factors when grown on these substrates that act as paracrine regulators of osteogenic differentiation in MSC populations within the peri-implant environment but not on the implant surface. The present work evaluated the possible effects of surface roughness on MSC differentiation towards an osteogenic linage. In addition, we developed a co-culture model to investigate the possible role of the local microenvironment created by osteoblast-like cells cultured on rough surfaces on MSCs.
MATERIALS AND METHODS

Ti Disk Preparation
Ti disks were prepared from 1mm thick sheets of grade 2 unalloyed Ti and supplied to us by Institut Straumann AG (Basel, Switzerland). The disks were punched to 15mm in diameter to fit snuggly into the well of a 24W tissue culture plate. The methods used to produce pretreatment (PT, Ra=0.08μm), sandblasted acid etched (SLA, Ra=3.22μm), and modified SLA (modSLA, Ra=3.22μm) have been reported previously [13, 31] . Advancing contact angles were used to calculate the hydrophilicity of the surfaces as PT (95.8°), SLA (139.80°), and modSLA (~0°).
Direct Response to Ti Surfaces
Human MSCs were purchased from Lonza (Walkersville, MD) and grown in MSC Growth Medium (MSCGM, Lonza) at 37°C with 5% CO 2 and 100% humidity. Cells were plated on TCPS, PT, SLA, or modSLA surfaces at a density of 5,000 cells/cm 2 and grown to confluence on TCPS (about 7 days). At confluence, the media were changed and cells were incubated for 24 hours. After incubation, the conditioned media were collected and used to measure osteocalcin levels by radioimmunoassay (Biomedical Technologies Inc., Stoughton, MA) and OPG (modulates osteoclastogenesis by preventing RANKL from interacting with its receptor RANK), VEGF-A (promotes angiogenesis), and TGF-β1 (stimulates osteoblast matrix synthesis and differentiation and inhibits osteoclast activity) by ELISA (R&D Systems, Minneapolis, MN) following manufacturer's instructions, as described previously [32, 33] . The cells on the surfaces were trypsinized twice, counted, and alkaline phosphatase specific activity and protein levels were measured.
To quantify mRNA expression, cells were plated as described on TCPS, PT, SLA, and modSLA surfaces. At confluence, cells were incubated with fresh media for 12h and harvested using a TRIzol® (Invitrogen, Carlsbad, California) extraction method. mRNA was quantified using a NanoDrop spectrophotometer (Thermo Scientific, Waltham, Massachusetts). For the reverse transcription portion, 1ug of RNA was amplified (OmniScript RT, Qiagen, Valencia, California) using random oligiomers (Promega, Madison, Wisconsin). Starting quantities of mRNA were determined in an iQ5 Imaging System (BioRad, Hercules, California) using SybrGreen chemistry (BioRad). MSCs grown on TCPS were used to generate a standard curve for the reaction and values for each treatment extrapolated. Expression of mRNA was measured for RUNX2 (F: 5′-GTC TCA CTG CCT CTC ACT TG-3′, R: 5′-CAC ACA TCT CCT CCC TTC TG-3′), OCN (F: 5′--3′, R: 5′--3′), ITGα2 (F: 5′-ACT GTT CAA GGA GGA GAC-3′, R: 5′-GGT CAA AGG CTT GTT TAG G-3′), ITGβ1 (F: 5′-ATT ACT CAG ATC CAA CCA C-3′, R: 5′-TCC TCC TCA TTT CAT TCA TC-3′), DKK1 (F: 5′-CCA GAC CAT TGA CAA CTA CC-3′, R: 5′-CAG GCG AGA CAG ATT TGC-3′), DKK2 (F: 5′-TGA CTT GGG ATG GCA GAA TC-3′, R: 5′-CAG AAA TGA CGA GCA CAG C-3′). All genes are presented as normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH, F: 5′-GCT CTC CAG AAC ATC ATC C-3′, R: 5′-TGC TTC ACC ACC TTC TTG-3′).
Integrin Alpha-2 Silencing
Previous studies have shown that osteoblast differentiation on SLA and modSLA surfaces is mediated by α2β1 integrin signaling [24] . To determine if secretion of paracrine mediators of MSC differentiation also require signaling via this integrin, we took advantage of an MG63 cell line that was stably silenced for the α2 integrin subunit (ITGα2). Silenced cells exhibited 70% less of the ITGα2 subunit as assessed by Western blot and mRNA expression as described previously [24] .
Dkk2 Silencing
Related studies in our lab indicate that Dkk2 is required for osteoblast differentiation on SLA and modSLA [29] . To determine if Dkk2 acts as a paracrine mediator of MSC differentiation, we took advantage of an MG63 cell line that was stably silenced for Dkk2. To generate this cell line, MG63 cells were transduced with either empty vector or one of four different shRNA lentiviral transduction clones. MG63 cells were plated at 20,000 cells/cm 2 and cultured overnight as above. Mission® shRNA lentiviral transduction particles (Sigma-Aldrich, St. Louis, Missouri) were added to the cells at 7.5 multiplicity of infection and incubated for 18 hours. After incubation, transduced cells were selected with 0.25 ug/mL of puromycin (SigmaAldrich). Dkk2 expression and levels were assessed by RT-PCR and Western blot.
Co-culture Experiment
Successful osseointegration of implants depends not only on the MSCs that attach to the implant and undergo osteoblast differentiation due to the topography and chemistry of the biomaterial, but also on the osteoblasts that may migrate to the implant and affect the differentiation of cells distal to the implant surface itself. To study the paracrine effect that osteoblasts cultured on titanium surfaces have on nearby MSCs, we designed a co-culture system whereby factors produced by the osteoblasts would be allowed to exert their effect on MSCs. Using this system, we first looked at the effects of MG63 cells grown on titanium surfaces on MSCs. In subsequent studies, responses of MSCs co-cultured with wild type MG63 cells were compared to those of MG63 cells silenced for ITGα2 or Dkk2. MG63 cells were plated on cover glass (CG), PT, SLA, or modSLA at 10,000 cells/cm 2 and grown to confluence on CG (about 7 days). At the same time, MSCs were plated at 5,000 cells/cm 2 in 6 well plates and cultured in MSCGM. When the MG63 cells on the test surfaces were confluent, the disks were moved into cell culture inserts (BD Falcon, Franklin Lakes, New Jersey) above the MSCs in the 6 well plates. Cells were fed using DMEM, 10% FBS, and 1% penicillin-streptomycin for an additional 12 days in the co-culture system. After 12 days, the cell culture inserts with surfaces containing MG63 cells were removed and discarded and MSCs were fed with full media and incubated for additional 24 hours. After incubation, the conditioned media were collected and osteocalcin, OPG, VEGF-A, and TGF-β1 measured. MSCs were trypsinized, counted, and alkaline phosphatase specific activity and protein were measured in the cell lysate.
Statistical Analysis
Data presented are from one of two sets of experiments, with comparable results. Each data point is the mean ± SEM for six independent cultures, with the exception of the mRNA expression experiment, where n=4. Data were analyzed by analysis of variance and significant differences between groups determined using Bonferroni's modification of the Student's t-test. P<0.05 was considered to be significant.
RESULTS
MSC differentiation to an osteoblast phenotype was sensitive to surface microstructure and hydrophilicity. Cell number, which decreases as cells move from a proliferative to a differentiated state, significantly decreased on all of the titanium substrates when compared to tissue culture polystyrene (TCPS) with greater decreases with increased roughness (SLA) and hydrophilicity (modSLA) (Fig. 1a) . Alkaline phosphatase specific activity, an early marker of osteogenic differentiation, increased two-fold on titanium surfaces when compared to TCPS, with additional increases on SLA and modSLA surfaces (Fig. 1b) . Osteocalcin, measured in the conditioned media and a later marker of osteoblastic differentiation, increased slightly in cultures grown on PT and SLA surfaces over basal levels but had a three-fold increase in cultures grown on modSLA surfaces (Fig. 1c) . Secreted OPG increased only in MSCs grown on the hydrophilic modSLA surfaces (Fig. 1d) . Levels of VEGF-A decreased slightly in the conditioned media of cells grown on titanium surfaces but were significantly decreased on the modSLA substrate (Fig. 1e) . TGF-β1 increased on the smooth PT surface, but was significantly decreased on the rough SLA surface when compared to PT (Fig. 1f) . TGF-β1 increased threefold on modSLA when compared to the other substrates examined.
Osteoblastic gene expression in MSCs was also affected by the surface properties of the substrate. RUNX2 expression was increased on titanium surfaces and significantly increased on modSLA surfaces as compared to TCPS (Fig. 2a) . Osteocalcin was also significantly upregulated on modSLA surfaces (Fig. 2b) . MSCs grown on the rough SLA surface slightly increased expression of RUNX2 but expression on modSLA was significantly increased when compared to TCPS and PT surfaces (Fig. 2c) . Integrin beta 1 expression increased 30% on modSLA in comparison to the other surfaces tested (Fig. 2d) . DKK1 was slightly lower on modSLA surfaces and significantly down regulated on SLA than on the smooth TCPS and PT surfaces (Fig. 2e) . DKK2 expression was 200% higher on SLA and modSLA surfaces than on TCPS or PT (Fig. 2f) .
After 12 days in this culture system, MSC cell number significantly decreased in cultures exposed to osteoblasts on titanium surfaces with a further reduction when cells were cocultured with MG63 on modSLA surfaces when compared to cover-glass (CG) control cultures (Fig. 3a) . Alkaline phosphatase specific activity and osteocalcin levels in MSCs were not affected by MG63 cells grown on PT surfaces when compared to CG, but were significantly increased on microstructured SLA surfaces and hydrophilic modSLA surfaces (Fig. 3b, 3c) . Osteoprotegerin levels increased when MSCs were exposed to titanium surfaces, with highest levels on modSLA surfaces (Fig. 3d) . VEGF-A and TGF-β1 increased modestly on PT and SLA surfaces but was further increased on modSLA surfaces when compared to the other titanium substrates (Fig. 3e, 3f ).
Signaling via α2β1 in osteoblasts grown on SLA and modSLA was required for MSC differentiation. While cell number decreased in MSCs cultured with ITGα2-silenced cells grown on SLA and modSLA surfaces when compared to CG, cell number was increased in MSCs exposed to growth factors from ITGα2-silenced cells (Fig. 4a) in comparison to the wild type MG63 cells. Alkaline phosphatase specific activity increased in MSCs exposed to MG63 cells grown on the rough SLA and modSLA surfaces over levels on CG and PT (Fig. 4b) . When MSCs were grown with ITGα2-silenced cells, alkaline phosphatase specific activity was reduced on all cells when compared to the wild type, but activity was increased in cells exposed to the SLA and modSLA surfaces. Levels of osteocalcin in the conditioned media increased in cells exposed to the wild type MG63 (CG<PT<SLA<modSLA), but were significantly reduced in cells cultured with ITGα2-silenced cells with no difference between the titanium surfaces (Fig. 4c) . Osteoprotegerin increased in cells exposed to MG63 cells on titanium surfaces, with significant increases on rough surfaces (SLA and modSLA, Fig. 4d ). However, levels were decreased when cells were exposed to the silenced cells on surfaces, decreasing slightly on PT and increasing on modSLA when compared to CG. VEGF-A, which increased in the titanium surfaces with MG63 cells, was significantly decreased in the ITGα2-silenced cells with no significant difference between CG and the titanium surfaces (Fig. 4e) . TGF-β1 in MSCs grown with ITGα2-silenced MG63 cells were significantly lower than those grown with the wild type MG63 cells, but the titanium substrates did increase TGF-β1 in the MSCs in both cell types (Fig. 4f) .
Osteoblast production of Dkk2 was important for MSC differentiation. When cultured with Dkk2-silenced cells, cell number decreased on titanium as compared to CG surfaces, but increased when compared to the wild type cells (Fig. 5a ). Alkaline phosphatase specific activity was decreased in Dkk2-silenced cells when compared to wild type MG63, but both cell types did show increased activity on titanium and with increased surface roughness (Fig. 5b) .
Osteocalcin and osteoprotegerin levels increased with co-culture on titanium surfaces (Fig. 5c,  5d) , independent of the cell type; however, the levels were reduced in MSCs exposed to Dkk2-silenced cells. VEGF-A levels were reduced in MSCs co-cultured with MG63 and Dkk-2 silenced MG63 cells on PT surfaces as compared to the glass control (Fig. 5e) . The increase in VEGF-A in MSCs co-cultured with wild type cells on SLA was not seen in the Dkk2-silenced cells, but levels were increased for both cell types on SLA surfaces. TGF-β1 increased on titanium and with increased surface roughness in MSCs cultured with MG63 and Dkk2-silenced MG63, but again levels of this factor were decreased overall in the cells exposed to the silenced cell line (Fig. 5f ).
DISCUSSION
Several studies have shown that titanium surface properties such as microtopography, chemistry, and surface energy decrease osteoblast proliferation and modulate osteoblast maturation [25, [33] [34] [35] . These studies have focused on the behavior of committed osteoblasts on titanium surfaces. However, osteoprogenitor cells are more likely than osteoblasts to migrate to the implant surface from the surrounding tissue and their differentiation on the implant surface is a less studied, but potentially an important component of successful osseointegration. In the present study, we used a co-culture model to examine the effect of surface microstructure and surface energy on mesenchymal stem cell differentiation and the contribution of osteoblastbiomaterial interaction in the regulation of mesenchymal stem cell differentiation.
MSCs had reduced cell numbers on Ti substrates compared to TCPS and numbers were further reduced on the microstructured SLA and modSLA substrates. Substrates with high energy decreased MSC number even more. Although this decrease in cell number may result from reduced initial attachment and increased cell death, the fact that the cells exhibited markers associated with a mature secretory osteoblast phenotype suggests that they have committed to an osteoblastic lineage on the microstructured substrates, which is correlated with reduced proliferation [36] . Similar results were found in previous studies using human osteoblasts, rat osteoblasts, and osteosarcoma cells, showing that a combination of rough surface and high energy increased osteoblast maturation [13, [37] [38] [39] . In addition to increased alkaline phosphatase and osteocalcin, MSCs also increased production of important local factors that create a more suitable osteogenic environment, including OPG, VEGF-A and TGF-β1. These factors are also increased in primary osteoblasts and osteoblast-like osteosarcoma cells in a similar manner, TCPS<PT<SLA<modSLA. These data suggest that surface properties like microstructure or surface energy have the potential to modulate osteoblast differentiation via autocrine and paracrine regulation.
Most of the studies assessing osteogenic differentiation of MSCs have focused on the synergistic effect of BMPs and substrates as titanium, hydroxyapatite, or the osteoblast differentiation capacity of the MSCs treated with osteogenic media in diverse substrates [40] [41] [42] [43] . It is important to note that MSC differentiation towards an osteoblastic linage in this study is the result of the surface properties and the microenvironment that the cells produced in vitro and is not the result of osteogenic factors added to the media or the treatment with an osteogenic media as has been shown in other work [44, 45] . Others have reported that modulating bulk material properties of a surface such as stiffness can direct stem cell differentiation and that stem cells grown on these surfaces can undergo neurogenic, myogenic, or osteogenic differentiation [46] , supporting our observation that modifying surface properties such as roughness and hydrophilicity also directs stem cell differentiation.
Once MSCs or progenitor cells fully differentiate to an osteoblastic linage, the factors that they produce in response to the micron and submicron surface topography influence the MSCs and progenitor cells in the surrounding tissue, which will induce new bone formation from a distal area. This process is important for the success of the osseointegration process. As an alternative to the traditional technique of treating cell monolayers with collected conditioned media, we adapted a co-culture method in which factors produced by osteoblast-like cells on the biomaterial directly affect MSCs in real time. Thus, MSCs were exposed to factors produced by osteoblasts at early and late states of differentiation on the Ti substrates. This is by its design a cross-talk assay; factors produced by the MSCs also had potential to act on the osteoblasts during the co-culture period, similar to the cross-talk that occurs in vivo. The results of these experiments show that factors present in the conditioned media reduced MSC proliferation in a substrate-dependent manner with the greatest reduction found in co-cultures where osteoblasts were grown on modSLA (modSLA>SLA>PT>CG). Conversely, the greatest production of osteocalcin, OPG, and TGF-β1 was seen in MSCs grown in co-culture with osteoblasts on SLA and modSLA. These results suggest that the local factors released by MG63 cells grown on titanium surfaces affect MSC differentiation, but only when the osteoblasts are grown in SLA and modSLA is there a significant induction of an osteoblastic phenotype. Moreover, these results suggest that the cell/substrate interaction also modulates angiogenesis, since levels of VEGF-A were increased in the media produced by the osteoblasts grown on the microstructured and high energy substrates.
Our experiments using cell lines silenced for the α2 integrin subunit demonstrated that the osteoblasts on the material substrates released factors that mediated osteoblastic differentiation in the distal MSC cultures. Knockdown of the α2 integrin to approximately 30% expression reduced the osteogenic differentiation of the MSCs in the co-culture, supporting our previous findings showing that osteoblast response to microstructured Ti is mediated by α2β1 [24] . Knockdown of Dkk2 also significantly reduced osteogenic differentiation of the MSCS. Dkk2 is a soluble factor released by osteoblasts that acts on the cells via non-canonical Wnt signaling pathways to promote the differentiation of osteoblasts. Levels of secreted Dkk2 are increased in cultures of osteoblasts grown on SLA and modSLA and knockdown of this protein reduces osteoblast differentiation of MG63 cells grown on microstructured Ti [29] . The results of the present study indicate that the secreted Dkk2 not only acts in an autocrine manner on the osteoblasts on the Ti substrates but also on distal MSCs to promote their differentiation in the osteoblast lineage.
CONCLUSIONS
We have shown that surface microstructure and surface energy are able to direct mesenchymal stem cells toward an osteoblast lineage, through measurements of proteins and mRNA commonly used as markers of osteoblasts. We have also shown, using the co-culture model, that differentiated osteoblasts on implant surfaces create a sufficient environment for osteogenic differentiation of the surrounding MSCs. Finally, we showed the contributions of ITGα2 and DKK2 in the differentiation of the surrounding tissue. Effect of titanium surface microstructure and hydrophilicity on human mesenchymal stem cell differentiation. MSCs were plated on TCPS, PT, SLA and modSLA surfaces and grown to confluence. At confluence, cell number (A), alkaline phosphatase specific activity (B), osteocalcin (C), osteoprotegerin (D), VEGF-A (E), and TGF-β1 (F) were measured. Data represented are mean ± SEM of six independent samples. *p<0.05, Ti vs. TCPS; #p<0.05, Ti vs. PT; ·p<0.05, surface vs. modSLA. Effect of titanium surface microstructure and hydrophilicity on human mesenchymal stem cell gene expression. MSCs were plated on TCPS, PT, SLA and modSLA surfaces and grown to confluence. At confluence, mRNA expression of (A) RUNX2, (B) Osteocalcin, (C) ITGα2, (D) ITGβ1, (E) DKK1, and (F) DKK2 was measured by Real-time PCR. Data represented are mean ± SEM of four independent samples. *p<0.05, Ti vs. TCPS; #p<0.05, Ti vs. PT; ·p<0.05, surface vs. modSLA. Indirect effect of titanium surface microstructure and hydrophilicity on differentiation of human mesenchymal stem cells. MSCs were cultured together with MG63 cells grown on TCPS, PT, SLA, and modSLA surfaces. After 12 days of co-culture, MSCs were harvested and cell count (A), alkaline phosphatase specific activity (B), osteocalcin (C), osteoprotegerin (D), VEGF-A (E), and TGF-β1 (F) were measured. Data represented are mean ± SEM of six independent samples. *p<0.05, Ti vs. TCPS; #p<0.05, Ti vs. PT; ·p<0.05, surface vs. modSLA. Indirect effect of ITGα2 silencing, titanium surface microstructure and hydrophilicity on differentiation of human mesenchymal stem cells. MSCs were cultured together with wild type MG63 and ITGα2-silenced cells grown on TCPS, PT, SLA, and modSLA surfaces. After 12 days of co-culture, MSCs were harvested and cell count (A), alkaline phosphatase specific activity (B), osteocalcin (C), osteoprotegerin (D), VEGF-A (E), and TGF-β1 (F) were measured. Data represented are mean ± SEM of six independent samples. *p<0.05, Ti vs. TCPS; #p<0.05, WT vs. silenced MG63 cells. Indirect effect of Dkk2 silencing, titanium surface microstructure and hydrophilicity on differentiation of human mesenchymal stem cells. MSCs were cultured together with wild type MG63 and Dkk2-silenced cells grown on TCPS, PT, SLA, and modSLA surfaces. After 12 days of co-culture, MSCs were harvested and cell count (A), alkaline phosphatase specific activity (B), osteocalcin (C), osteoprotegerin (D), VEGF-A (E), and TGF-β1 (F) were measured. Data represented are mean ± SEM of six independent samples. *p<0.05, Ti vs. TCPS; #p<0.05, WT vs. silenced MG63 cells.
